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Abstract: We describe a class of techniques whereby a laser frequency can
be stabilized to a fixed optical cavity resonance with an adjustable offset,
providing a wide tuning range for the central frequency. These techniques
require only minor modifications to the standard Pound-Drever-Hall lock-
ing techniques and have the advantage of not altering the intrinsic stability
of the frequency reference. We discuss the expected performance and lim-
itations of these techniques and present a laboratory investigation in which
both the sideband techniques and the standard, non-tunable Pound-Drever-
Hall technique reached the 100Hz/

√
Hz level.
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1. Introduction

The linewidth, which describes deviations of the electric field’s frequency from the nominal
frequency ν0, is one of the key figures of merit for a light source. In applications such as
interferometry and spectroscopy, the linewidth limits the precision of the overall measurement.
Various techniques are employed to reduce the linewidth of laser sources[1, 2]. Each of these
techniques requires a frequency reference with an inherent stability that exceeds that of the
free-running laser.

One common such reference is an external, gain-free optical cavity constructed from
dimensionally-stable materials. The length stability of the cavity can be transferred to frequency
stability in the laser by tuning the laser frequency such that the round trip optical path length in
the cavity is equal to an integer number of wavelengths.

A disadvantage of optical cavities as frequency references is that the central frequency can
only be stabilized at a series of fixed points in frequency space separated by the Free Spectral
Range (FSR), which for a linear two-mirror cavity is given by

FSR ≡ c
2L

, (1)

where c is the speed of light and L is the cavity length. For certain applications, such as gener-
ating an interference between two independent laser beams or probing spectroscopic features,
it is advantageous to be able to adjust ν0 with a resolution better than one FSR while still
suppressing the free-running frequency noise.

There are several approaches to producing a frequency-stabilized light source with a tunable
central frequency. One approach is to adjust the cavity resonance frequency by changing the
length of the cavity (e.g. with a piezoelectric element as done by Conti, et. al[3]) or its optical
index[4]. The disadvantage of this approach is that tunable elements in the cavity spacer will
likely worsen the length stability of the cavity when compared with a fixed reference.

A second approach to a frequency-stabilized tunable light source is to lock a laser to a fixed
cavity and then add an additional frequency actuator in the application beam. A commonly-
used actuator is an acousto-optic frequency modulator. While AOMs have been successfully
used in this application (by Bondu, et. al[5] for example), they have some drawbacks. These
include relatively low bandwidth (few 100MHz) and large RF power consumption. The latter
is of particular concern in power-critical applications such as space flight. AOMs also produce
a frequency-dependent deflection of the beam which can be mitigated by double-passing with
a curved mirror but often increases pointing noise.

Another frequency actuator that is sometimes used is an offset phase-locked slave laser (see
Ye and Hall[6] for example). This produces a very quiet and flexible actuator but requires an
additional laser, adding to cost and power consumption.

In this paper we propose a new approach to a tunable frequency-stabilized light source. A
laser is locked to the resonance of a fixed-length cavity with a continually tunable offset fre-
quency. The offset is generated using the phase modulator, a component which is already neces-
sary for implementing standard frequency modulation locking techniques. The new technique
retains the fundamental stability of the cavity and also requires no additional components, mak-
ing it attractive for applications where simplicity and power consumption are critical.

The paper is organized as follows. In section 2, we briefly review the standard cavity locking
technique. In section 3 we describe three modified techniques with tunable frequency offsets.
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Section 4 delves deeper into the expected performance of the new techniques and compares with
existing standard methods. Section 5 presents a laboratory demonstration of the new techniques.

2. Standard Pound-Drever-Hall (PDH) locking

In order to utilize an optical cavity as a frequency reference, one must generate an error signal
that is proportional to the difference in frequency between the laser light and the cavity reso-
nance. A good way to do this is to examine the light reflected from the cavity, the spectrum of
which is the product of the incoming spectrum and the cavity’s complex amplitude reflection
coefficient, F(ω), where ω ≡ 2πν . The amplitude of F(ω) goes to zero at the resonance fre-
quencies (ωn ≡ 2πn ·FSR n = 1,2,3...) and approaches unity between them. The width of
the resonance is characterized by the Finesse, F , defined as

F =
FSR

νFWHM
, (2)

where νFWHM is the full width at half minimum of |F(ω)|. It is the phase of F(ω) that contains
the information about whether the light frequency is above or below the resonance. The phase
of F(ω) begins at −π rad far below resonance, increases monotonically to −π/2rad just below
resonance, goes through a discontinuity of π rad at resonance, and increases monotonically
from π/2rad to π rad far above resonance. A measurement of the phase shift experienced by
the reflected light can be used to generate an error signal for locking to the cavity resonance.

The standard technique for locking a laser to a resonance such as that formed by a cavity is
Pound-Drever-Hall (PDH) [1, 7] locking. In PDH locking, the light incident on the cavity is
first phase-modulated, so that the electric field is of the form

Ẽ =
√

P0 exp{i [ωct + β sin(Ωt)]} , (3)

where P0 is the power incident on the modulator, ωc is the angular frequency of the incoming
light, β is the modulation depth, and Ω is the angular frequency of the modulation. To first
order in β , the effect of phase modulation is to split the beam into three distinct frequency
components: a carrier at ω = ωc and two sidebands at ω = ωc±Ω. For sufficiently large Ω, the
sidebands are completely reflected when the carrier is near resonance, as shown in Fig. 1(a).

If the carrier is not perfectly in resonance, a portion of it will reflect and generate an intensity
modulation in the reflected light by interfering with the reflected sidebands. It can be shown[8]
that the reflected light power with angular frequency Ω is given to first order in the modulation
depth, β , by

Pre f ,Ω = 2P0J0(β )J1(β )Re [F(ωc)F�(ωc + Ω)−F�(ωc)F(ωc −Ω)]cos(Ωt)
+ 2P0J0(β )J1(β )Im [F(ωc)F�(ωc + Ω)−F�(ωc)F(ωc −Ω)]sin(Ωt) , (4)

where Jn(x) is the nth-order Bessel function of the first kind. When the carrier is near resonance,
the bracketed term in (4) is purely imaginary and proportional to δν , the frequency offset
between the carrier and the cavity resonance. The proportionality constant is known as the
frequency discriminant, which for a lossless cavity is given by

DPDH = −16FLP0

c
J0(β )J1(β ). (5)

An error signal suitable for locking to the cavity resonance can be generated by measuring
Pre f ,Ω using a photoreceiver and demodulating the output to recover the sin(Ωt) component.
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Fig. 1. Modulation structures for traditional and tunable modulation/demodulation locking.
For DSB and ESB only the upper half (ω ≥ ωc) of the modulation structure is shown. The
solid curve represents |F(ω)|2 and the dashed curve represents � F(ω), where F(ω) is the
amplitude reflection coefficient of the cavity. For the frequency-tunable cases, the arrow
labeled tune indicates the frequency spacing that is adjusted to tune the carrier, denoted by
a thick line.

3. Sideband locking

The goal of this work was to modify the standard PDH technique to allow the carrier fre-
quency to be tunable with respect to the cavity resonances. We developed three different mod-
ulation/demodulation schemes to achieve this: single sideband locking (SSB), dual sideband
locking (DSB), and electronic sideband locking (ESB). In each of these techniques, phase mod-
ulation is used to generate a sideband which is locked to the cavity resonance. The frequency of
the carrier is then adjusted by changing the frequency used to generate the sideband. In practice,
a portion of the source beam is picked off and used to perform the frequency stabilization. The
remaining light, free of any modulation sidebands, tracks the carrier frequency.
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3.1. Single Sideband (SSB) locking

The single sideband locking (SSB) technique is the simplest modification to the standard PDH
technique that provides tunability. The same modulation scheme is used, but with the modula-
tion frequency Ω being adjustable and with one of the sidebands locked to the resonance rather
than the carrier (See Fig. 1(b)). The expression for Pre f ,Ω in (4) is still valid only one of the
sidebands is resonant while the other sideband and the carrier are reflected. If we redefine the
resonance frequencies as ωn ≡ 2πn ·FSR+(−)Ω for locking on the upper(lower) sideband, the
sin(Ωt) component is proportional to δν with a discriminant given by

DSSB =
8FLP0

c
J1(β )[J0(β )− J2(β )]. (6)

The J2(β ) term arises from interference between the resonant sideband and a second sideband
at ωc ±2Ω that appears when the expansion of (3) is taken to higher orders in β . For small β ,
DSSB is of opposite sign and a factor of two lower than DPDH . Once one of the sidebands is
locked to the cavity resonance, the carrier frequency can be tuned by adjusting Ω.

3.2. Dual Sideband (DSB) locking

The dual sideband (DSB) technique uses a modulation spectrum that is identical to that used for
PDH locking with a tunable offset from the carrier. This can be accomplished by modulating the
beam at two distinct frequencies, one of which is adjustable. Consider a light beam with power
P0 and angular frequency ωc that is phase-modulated with two sinusoidal signals of depth β i

and angular frequency Ω i (i = 1,2). The electric field is given by,

ẼDSB =
√

P0 exp{i [ωct + β1 sin (Ω1t)+ β 2 sin(Ω2t)]} . (7)

Expanding to first order in β1,2, the result of the phase modulation is a carrier with angular
frequency ωc, sidebands with angular frequencies ωc ±Ω1, sidebands with angular frequencies
ωc ±Ω2, and sub-sidebands at ωc + Ω1±Ω2 and ωc −Ω1±Ω2.

The modulated spectrum for ω ≥ ωc is shown in Fig. 1(c) assuming Ω1 > Ω2 and β1 > β2.
Note that the spectral structure centered around ω c +Ω1 with sidebands offset by ±Ω2 is anal-
ogous to the PDH modulation spectrum in Fig. 1(a). In DSB locking, this structure (or the
analogous one at ωc −Ω1) is used to generate an error signal by placing one of the ω c ±Ω1

sidebands on resonance and demodulating the reflected power with Ω 2. The frequency discrim-
inant is given by

DDSB =
16FLP0

c
J2

1(β1)J0(β2)J1(β2). (8)

Frequency tuning of the carrier can be accomplished by adjusting Ω 1.
One disadvantage of the DSB technique is that the complex modulation structure leads to

the generation of spurious error signals. This can make lock acquisition challenging and also
provides potential pathways for noise to enter the system. In particular, a PDH error signal
will be generated when the carrier is in resonance and the power is demodulated by Ω 2. If the
modulation depth of the first modulator is not large enough to sufficiently suppress the carrier,
this error signal may even be larger than the desired DSB error signal. The situation becomes
even more complex when additional resonances due to higher-order cavity spatial modes are
present.

3.3. Electronic Sideband (ESB) locking

The electronic sideband (ESB) technique simplifies the modulated spectrum of the DSB tech-
nique by eliminating the ωc ±Ω2 sidebands. This can be accomplished by driving a single
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broadband phase-modulator with a phase-modulated drive signal. The drive signal has a carrier
frequency of Ω1 and is phase-modulated at Ω2 with a depth of β2. This signal is then used to
drive the phase modulator with a depth of β1. The electric field of the light exiting the modulator
is of the form

ẼESB =
√

P0 exp{i [ωct + β1 sin(Ω1t + β2 sinΩ2t)]} . (9)

Expanding to first order in β i, the spectrum is identical to the DSB structure with the exception
that the ωc±Ω2 sidebands are removed. Figure 1(d) shows this spectrum for ω ≥ ω c. The error
signal is generated by placing one of the ωc ±Ω1 sidebands near resonance and demodulating
with Ω2. As with DSB, the carrier is tuned by adjusting Ω1.

The power in the ωc ±Ω1 sidebands and the ωc ±Ω1 ±Ω2 sub-sidebands is the same as for
the DSB case. As a result, the frequency discriminant for ESB locking is identical to that given
in (8) for DSB. The power in the carrier is increased to P0J2

0 (β1) for ESB versus P0J2
0(β1)J2

0 (β2)
for DSB.

4. Technique comparison

The preceding sections defined four locking schemes (PDH, SSB, DSB, and ESB) and derived
their frequency discriminants. In this section we attempt to compare the relative merits of the
four techniques in terms of noise performance, tuning, and implementation.

4.1. Fundamental noise limits

The ultimate frequency noise limit of cavity-stabilized lasers is set by two effects: shot noise
and cavity thermal noise. Shot noise generates white optical power noise at the photoreceiver
with a level of

Sshot,P =

√
2hc
λ

Pre f , (10)

where h is Planck’s constant, λ is the vacuum wavelength of the light, and Pre f is the reflected
light power on resonance. For a perfectly coupled cavity, Pre f will be equal to P0, the total power
incident on the modulator(s), less the power of the resonant spectral component.

The frequency noise associated with shot noise can be estimated[8] by dividing S shot,P by
the frequency discriminant, D. Table 1 lists Pre f , D, βopt , the optimal modulation depth for shot
noise limited operation, and Sshot,ν , the shot-noise limited frequency noise floor for β = β opt .
The shot noise floors for the sideband systems in table 1 are five to six times larger than the
floor for the traditional PDH system,

(
Sshot,ν

)
PDH =

1
8LF

√
hc3

P0λ

=
(

277 μHz/
√

Hz
)(

20cm
L

)(
104

F

)(
1 μm

λ

)1/2 (
1mW

P0

)1/2

. (11)

Cavity thermal noise refers to Brownian motion of the various cavity components. Numata,
et. al[9] estimated the thermal noise floor for a room-temperature optical cavity with an ultra-
stable glass spacer and dielectric-coated mirrors to be roughly ∼ 50mHz/

√
Hz ·√1Hz/ f .

Comparing this level with the shot noise limit demonstrates that for a cavity with the para-
meters specified in (11), the shot noise of the tunable sideband techniques will be below the
thermal noise limit for Fourier frequencies below ∼ 500Hz. In these cases, no penalty in fun-
damental noise is paid by using the sideband technique as compared to the traditional PDH
technique.
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Table 1. Shot noise limited frequency noise for each locking technique at optimum modu-
lation depth, assuming perfect contrast in the cavity resonance.

Technique Pre f /P0 |D|×
(

FLP0
c

)−1
βopt Sshot,ν/

(
Sshot,ν

)
PDH

PDH 1− J2
0(β ) 16J0(β )J1(β ) 0† 1

SSB 1− J2
1(β ) 8J1(β ) [J0(β )− J2(β )] 0.97 4.4

DSB/ESB 1− J2
1(β1)J2

0 (β2) 16J2
1(β1)J0(β2)J1(β2)

β1 → 1.84
β2 → 1.01

5.5

†This is a theoretical optimum for perfect contrast and no technical noise. When the effects of
finite contrast and technical noise are included, the optimum modulation depth will increase.

4.2. Technical noise

Although some measurements have been shown to approach the fundamental noise limits [10,
11], in most cases the noise performance of any particular cavity system is set by a number of
technical noises. Noises which affect the stability of the reference directly (e.g. temperature and
vibration fluctuations in the cavity) will obviously affect all stabilization systems equally. Other
noise sources will differ between the different techniques. One effect is the smaller frequency
discriminants of the sideband systems, which require the addition of electronic gain in order to
reach the same closed-loop gain as an equivalent PDH system. This electronic gain carries with
it a noise penalty. For optimal modulation depths, the frequency discriminants of the sideband
techniques are a factor of two to three smaller than an equivalent PDH system. If the noise
sources of interest are suppressed by more than that factor below the fundamental noise sources,
there will no noise penalty paid by adding frequency tunability through sideband locking.

A technical noise source in which the locking techniques differ more fundamentally is radio-
frequency amplitude modulation (RFAM), also referred to as residual amplitude modulation.
RFAM is unwanted amplitude modulation of the beam probing the cavity at the phase mod-
ulation/demodulation frequency. Since these modulations are at the demodulation frequency,
they are not rejected like other high-frequency noise sources. Instead they produce offsets in
the error signal which are sensitive to laser intensity, alignment, and other slowly-varying noise
sources. These offsets provide a pathway for these noise sources to couple into the frequency
noise of the stabilized laser.

SSB generates RFAM due to the fact that the light reflected from the cavity is lacking the one
first order sideband that is resonant in the cavity. This leads to a strong amplitude modulation.
From (4), the cos(Ωt) component in Pre f ,Ω does not vanish but instead remains with a magni-
tude of 2P0J0(β )J1(β ). Since this offset appears in the opposite quadrature as the error signal,
it does not couple completely but is instead reduced by a factor of ≈ 1− δθ 2, where δθ is the
error in the demodulation phase. DSB and ESB locking retain the symmetry of PDH locking
and avoid this effect. There will, however, be certain values of the modulation frequencies, for
example Ω1 = 2Ω2 for DSB, where interference between the sidebands and sub-sidebands can
generate RFAM at the demodulation frequency. This type of interference can be mitigated by
maintaining Ω1 	 Ω2.

Real EOMs produce some level of RFAM along with their phase modulation. This is in part
due to their finite modulation bandwidth and non-zero passband ripple which cause asymme-
tries in the amplitudes of the phase modulation sidebands. This is of greatest concern for ESB
locking, where the relevant sidebands (the ±Ω1 ±Ω2 sub-sidebands) are introduced onto the
light at higher frequencies than for DSB or PDH locking. To first order in β 2, passband ripple
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will lead to RFAM with an amplitude of

AMESB ∼ 2P0Ω2G′(Ω1)J1(β2)J2
0 (β1), (12)

where G′(Ω1) is the derivative with respect to modulation frequency of the modulator response
around the frequency Ω1. The amplitude can be reduced by reducing the modulation frequency,
Ω2 or, if necessary, measuring the modulator response and constructing a compensation filter
for the RF drive that will reduce G′(Ω1).

Lastly, RFAM can arise through various imperfections in the phase modulators themselves or
through beam pointing modulations introduced by the EOM which cause the beam to wander
over regions of varying sensitivity on the reflected light photoreceiver. These mechanisms affect
all four techniques at roughly the same level.

4.3. Tuning range and bandwidth

For the frequency tunable systems, the tuning dynamic range and slew-rate are important figures
of merit. The range of offsets from the cavity resonance that can be achieved through slow
adiabatic tuning is limited primarily by the RF components used for modulation / demodulation.
For each of the techniques, the tuning range will be limited by the bandwidth of the EOM and
the associated drive electronics. For typical bulk crystal EOMs, bandwidths of ∼ 100MHz are
readily available, although the amount of RF power needed to drive these broadband EOMs
to sufficient modulation depths is large. Waveguide modulators can deliver high modulation
depths over bandwidths exceeding 10GHz with low drive powers, making them an attractive
option for this application.

In the SSB case, the demodulation frequency varies and as a result the photoreceiver and
mixer bandwidths also limit the tuning range. Since the demodulation frequency remains fixed
for DSB and ESB, the bandwidth requirements on the demodulation components for these
techniques are identical to those for PDH.

For systems that do not require continuous tuning, it is possible to achieve an extremely large
tuning range through a combination of selecting different cavity resonances and offset sideband
locking. A tuning bandwidth of 1-2 FSR would be sufficient for this approach. In this case the
net tuning range would be limited only by the tuning range of the laser itself.

The maximum slew-rate of the frequency tuning will be limited by the ability of the stabiliza-
tion servo to track the requested frequency changes. In terms of bandwidth, it is not uncommon
for PDH systems to have unity-gain bandwidths of ∼ 100kHz. A large tuning bandwidth is
essential if the offset sideband systems are to be used as pre-stabilization stages in a multi-
stage frequency stabilization loop, such as arm-locking[12] in the Laser Interferometer Space
Antenna[13].

5. Laboratory demonstration

The previous section described the concept of the frequency-tunable sideband locking tech-
niques and explored some of the expected differences between each of the techniques and the
standard PDH technique. In this section we present a laboratory investigation of the noise per-
formance of each of the techniques. To focus on the differences between the techniques, a cavity
system was constructed which could be re-configured to implement each of the four techniques
(PDH, SSB, DSB and ESB) simply by changing the electrical signals fed to the modulators and
demodulation electronics. The goal was to demonstrate significant noise suppression over the
free-running laser noise while investigating the effects of adding tunable center frequencies.
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5.1. Experimental configuration

The multi-technique optical cavity system, referred to as the test system, is shown in Fig. 2.
The cavity consists of two fused-silica mirrors optically contacted to a spacer of ultra-low
expansion (ULE) glass. It is housed in a vacuum tank and surrounded by a nested set of five
gold-coated stainless-steel cylinders with Macor spacers to provide passive thermal shielding.
The laser output first passes through a broad-band (bandwidth ≈ 100MHz) bulk crystal EOM
followed by a resonant bulk crystal EOM. The light transmits through a polarizing beam splitter
(PBS), passes through a quarter wave-plate and reflects off of the front mirror of the cavity. The
light reflected from the cavity reflects at the PBS and is collected at the photoreceiver. The
photoreceiver output is demodulated using an analog mixer and the mixer output is filtered and
fed into the frequency-tuning ports on the laser. The laser can be locked to the cavity using
any of the four locking techniques: standard PDH locking, SSB locking, DSB locking, or ESB
locking. Table 2 lists the signals that are connected to the EOMs and the mixer in order to
realize each technique.

Fig. 2. Arrangement of test cavity systems for experiments described in section 5. Table 2
lists the modulation/demodulation signals used for each locking technique. The reference
beam was sourced from a laser locked to an independent cavity using the standard Pound-
Drever-Hall technique.

An independent laser/cavity system is used to provide a reference for measuring the fre-
quency stability of the test system. It is configured similarly to the test system with the excep-
tion that only a single resonant EOM is present and consequently only the PDH locking scheme
is used. A portion of the output of each laser is split off before the EOMs and interfered at a
beam-splitter, generating a beat note that is monitored with an wide-band photoreceiver.

5.2. Results & discussion

The noise performance of the PDH and SSB techniques are presented in Fig. 3. The curves
plotted are estimates of

√
SΔν( f ), the linear spectral density (LSD) of the frequency noise of
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Table 2. Modulation/Demodulation signals used for each locking technique. See Fig. 2 for
corresponding block diagram. (PDH = Pound-Drever-Hall locking, SSB = single sideband
locking, DSB = dual sideband locking, ESB = electronic sideband locking)

Technique Mod. 1 Mod. 2 Demod Tuning

PDH none Ω, fixed Ω, fixed none
SSB Ω, variable none Ω, variable Ω
DSB Ω1, variable Ω2, fixed Ω2, fixed Ω1

ESB Ω1 w/ phase mod. at Ω2 none Ω2, fixed Ω1

the beat note between the test and reference systems. Two spectra are shown in Fig. 3 for the
SSB case, one where the carrier frequency was held fixed and one where a reference frequency-
modulation tone with amplitude 1kHz and frequency ≈ 900 μHz was added to the EOM drive.
The spectrum with the modulation tone was estimated using a periodograms with linear fre-
quency bin spacing[14] while the other spectra used logarithmically-spaced bins[15] for im-
proved amplitude estimation.

The noise spectra for the traditional PDH case and the SSB case without modulation are
virtually identical, indicating that, in this particular realization, the SSB technique performs at
least as well as PDH. For the case where the modulation is added, the noise floor at frequencies
other than the modulation frequency is unchanged, demonstrating that the central frequency
can be tuned without sacrificing broad-band frequency stability. Results similar to those in Fig.
3 were obtained with both the DSB and ESB techniques as well. Also shown for reference is
the free-running noise, obtained with no stabilization, which demonstrates that the stabilization
techniques reduce the noise in a given frequency band by a factor of 10 4−105.
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Fig. 3. Beat note frequency noise spectra for free-running lasers (FR), Pound-Drever-Hall
locking (PDH), and single-sideband locking (SSB). For the “SSB w/ mod” case, a fre-
quency modulation with 1.00kHz amplitude at a frequency of ≈ 900 μHz was added to the
SSB tuning port. The measured amplitude of the reference tone is 0.983kHz after account-
ing for the spectrum’s equivalent noise bandwidth.

The fact that the sideband systems performed as well as the PDH system suggests that the
limiting noise sources are common to each of the techniques. A noise model was developed
to estimate the contribution from a number of potential sources. The model suggests that for
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f ≤ 40 μHz, the frequency noise is limited by thermal expansion of the cavities driven by
variations in the room temperature. The thermal filter provided by the shields and vacuum tank
surrounding the cavity result in the steep ∼ f −7 slope of the noise floor in this frequency band.
Above 40 μHz, the limiting noise sources are less certain. Likely possibilities include pointing
noise, vibration noise, RFAM, and intensity noise coupling into cavity length changes through
absorption and heating.

6. Conclusion

The ability to tune the central frequency of a cavity-stabilized laser while maintaining frequency
stability has many potential applications. Offset sideband locking is a convenient way to realize
this capability, as it requires only minor modifications to the standard PDH locking technique.
These techniques have frequency discriminants that are only a factor of two to three lower
in magnitude than equivalent PDH systems, assuming optimal modulation depths. The shot
noise limited noise levels for the sideband systems are expected to be a factor of ∼ 5 worse
than traditional PDH locking, which for low-frequency applications is not significant enough to
increase the shot noise above cavity thermal noise. These techniques can also be applied to other
frequency references that utilize the PDH locking scheme, such as spectroscopic references.

Our laboratory results indicate that the noise performance of the tunable systems are compa-
rable to the standard PDH locking technique to the ∼ 100Hz

√
Hz level or better. This level is

already sufficient for a number of applications, including pre-stabilization for the Laser Inter-
ferometer Space Antenna.
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